Aims/hypothesis In the postprandial state, the liver regulates glucose homeostasis by glucose uptake and conversion to glycogen and lipids. Glucose and insulin signalling finely regulate glycogen synthesis through several mechanisms. Glucose uptake in hepatocytes is favoured by the insulin receptor isoform A (IRA), rather than isoform B (IRB). Thus, we hypothesised that, in hepatocytes, IRA would increase glycogen synthesis by promoting glucose uptake and glycogen storage. Methods We addressed the role of insulin receptor isoforms on glycogen metabolism in vitro in immortalised neonatal hepatocytes. In vivo, IRA or IRB were specifically expressed in the liver using adeno-associated virus vectors in inducible liver insulin receptor knockout (iLIRKO) mice, a model of type 2 diabetes. The role of IR isoforms in glycogen synthesis and storage in iLIRKO was subsequently investigated.
Results In immortalised hepatocytes, IRA, but not IRB expression induced an increase in insulin signalling that was associated with elevated glycogen synthesis, glycogen synthase activity and glycogen storage. Similarly, elevated IRA, but not IRB expression in the livers of iLIRKO mice induced an increase in glycogen content. Conclusions/interpretation We provide new insight into the role of IRA in the regulation of glycogen metabolism in cultured hepatocytes and in the livers of a mouse model of type 2 diabetes. Our data strongly suggest that IRA is more efficient than IRB at promoting glycogen synthesis and storage. Therefore, we suggest that IRA expression in the liver could provide an interesting therapeutic approach for the regulation of hepatic glucose content and glycogen storage. Electronic supplementary material The online version of this article (doi:10.1007/s00125-016-4088-z) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
Introduction
The liver plays a central role in maintaining blood glucose homeostasis by glucose uptake and conversion to glycogen in the postprandial state [1] . Malfunction of the mechanisms by which glucose and insulin regulate glycogen metabolism is a major cause of type 2 diabetes mellitus, the most common metabolic disorder worldwide [2] . The insulin receptor (IR) is a member of the tyrosine kinase receptor superfamily with an essential role in glucose metabolism [3, 4] . The IR is closely related to other receptors such as the IGF type I receptor (IGF-IR) that is involved in normal growth and development [4] . In mammals, alternative splicing gives rise to two isoforms of IR: IRA and IRB. IRB has 12 additional amino acids encoded by exon 11 [5] . This sequence is located immediately downstream of the ligand binding domain but does not affect insulin binding affinity [5, 6] . Moreover, IRA is predominantly expressed during fetal development where it enhances the effects of IGF-II [7] . Conversely, IRB is the predominant IR in adult tissues, including the liver, where it triggers the metabolic effects of insulin [8] .
The conversion of glucose into glycogen is a key pathway by which the liver removes glucose in the postprandial state [9] . The most commonly documented signalling pathway for glycogen synthesis is triggered by insulin, which initiates a cascade of events that activate protein kinase B/Akt (PKB/ Akt). PKB phosphorylates Ser21 of glycogen synthase kinase 3 α (GSK3α) and Ser9 of GSK3β, inactivating GSK3 [10, 11] . GSK3 functions by phosphorylating four out of nine regulatory serine residues (Ser641, Ser645, Ser649, Ser653) on liver glycogen synthase (GYS2). These residues play a critical role in inhibiting GYS2 activity and hence glycogen synthesis [12] . In addition to reversible phosphorylation by GSK3, GYS2 activity is controlled by the allosteric activator, glucose-6-phosphate (G6P) [12] . G6P binding to GYS2 has composite effects in controlling glycogen synthesis through allosteric activation and efficient dephosphorylation, coupled with appropriate cellular localisation [1, 13] .
Although insulin does not stimulate hepatic glucose uptake, in vitro studies in neonatal hepatocytes demonstrate that IRA plays a direct role in favouring glucose uptake by promoting its specific association with endogenous GLUT1 and GLUT2 [14] . Therefore, differences in glucose uptake can be associated with the presence/absence of IR isoforms or with changes in their ratio. However, the functional significance of each IR isoform in glycogen synthesis currently remains unclear.
Based on in vitro studies that have demonstrated a close relationship between IRA and GLUT1/GLUT2 [14] , we hypothesised that this association may play a key role in regulating hepatic glycogen synthesis in adult hepatocytes. In the current study, we demonstrate the differential roles of IR isoforms in the regulation of glycogen metabolism by employing two different approaches: in vitro investigation using neonatal hepatocytes and in vivo studies of inducible liver insulin receptor knockout (iLIRKO) mice, a model of type 2 diabetes in which IRA or IRB were expressed specifically in the liver.
Methods
Hepatocyte cell line generation and genotyping Mouse immortalised hepatocytes expressing IR (IRloxP), lacking IR (IRKO) and exclusively expressing IRA or IRB were previously generated and characterised in our laboratory [14] . Hepatocytes were genotyped by RT-PCR; RNA was prepared using Trizol (Life Technologies, Carlsbad, CA, USA), cDNA was synthesised using a high capacity reaction kit (Applied Biosystems, Foster City, CA, USA) and PCR was performed with DNA AmpliGel Master Mix (Biotools, Jupiter, FL, USA). The primers used to determine exon 4 deletion were 5′-CTGTTCGGAACCTGATGAC-3′ and 5′-ATAC CAGAGCATAGGAG-3′. Primers flanking the human exon 11 were 5′-AGGAAGACGTTTGAGGATT-3′ and 5′-CACC GTCACATTCCCAACAT-3′. A 316 bp band and a 280 bp band correspond to IRB and IRA, respectively. The cells were mycoplasma free and checked for contamination by PCR every month.
Cell culture Cell lines were grown in 10 cm Petri dishes in DMEM (25 mmol/l glucose, pH 7.4) supplemented with 10% FBS (vol./vol.), penicillin (12 μg/ml), streptomycin (10 μg/ml), amphotericin (10 μg/ml) and MycoZap™ (500×) (Lonza, Allendale, NJ, USA), until they reached 80-90% confluence. In each passage, cells were divided by trypsinisation (Invitrogen, Madrid, Spain). For signalling experiments, cells were starved for 6 h with serum-free, low-glucose DMEM (5 mmol/l glucose, pH 7.4) supplemented with 0.2% BSA (wt/vol.) (Sigma-Aldrich, St Louis, MO, USA). The hepatocytes were then stimulated with insulin (Sigma-Aldrich) at various doses (0.1-100 nmol/l).
Mice and diets IR
(lox/lox) mice were created by homologous recombination using an IR gene targeting vector with loxP sites flanking exon 4 [15] ; these mice were a generous gift from R. Kahn (Joslin Diabetes Center, Boston, MA, USA). For liver-specific deletions we used transgenic mice expressing tamoxifen-dependent Cre-ER T2 recombinase under the control of albumin promoter (Alb-Cre-ER T2 ) that were kindly provided by the P. Chambon laboratory (IGBMC, Ilkirch, France) [16] . The iLIRKO mice were generated by crossing C57Bl/6-IR (lox/lox) with heterozygous C57Bl/6-Alb-Cre-ER T2 , whilst littermates IR (lox/lox) mice were used as controls. Genotyping of IR (lox/lox) and Alb-Cre-ER T2 transgenic mice was performed by PCR using genomic DNA isolated from the tail tip of 4-week-old mice, as previously described [16] . After weaning, iLIRKO and IR (lox/lox) mice were fed on a soy-free diet (RMS-0909-US-EN-02-DS-2016, Harlan, Indianapolis, IN, USA) for 2 weeks followed by 2 weeks of a tamoxifen diet (TD.09327, Harlan, Indianapolis, IN, USA) to induce Cre translocation to the nucleus [16] . Animals were then fed standard chow ad libitum. Only male animals were used in the study. Animals were maintained on a 12 h light-dark cycle. All animal experimentation described in this article was conducted in accordance with accepted standards of animal use as approved by the Complutense University of Madrid Committee.
Metabolic tests Blood glucose levels were measured 30 min after i.p. glucose administration (2 g/kg body weight) in 16 h overnight fasted mice. The measurements were performed using Accu-Check blood glucose strips and a glucometer (Roche, Penzberg, Germany).
Viral constructs and vector production and purification
Recombinant adeno-associated virus (AAV) vectors were constructed with a transgene cassette coding sequence for the individual spliced isoforms of the INSR single chain. The transgene cassette was flanked by AAV2 (serotype 2) wildtype inverted terminal repeats. rAAV8 (serotype 8) vectors were produced as previously described [17] . Viral titres were determined by qPCR and were performed three times in triplicate at three different dilutions.
AAV administration AAVs were administered via i.v. injection to 5-month-old mice. For all procedures, animals were anesthetised by i.p. injection of a mixture of xylacine (Rompun 2% (wt/vol.), Bayer, Leverkusen, Germany) and ketamine (Imalgene 50, Merial, Lyon, France), 1:9 vol./vol. Four months post-AAV administration, the mice were euthanised for further analysis.
Western blot Cell homogenates were obtained from cell monolayers scraped with lysis buffer [18] and tissues were homogenised, as previously described [15] . Protein quantification was performed using the Bradford method [19] . Western blot analysis of insulin signalling proteins was carried out using liver homogenates as previously described [18] ; antibodies against IGF-I (H-70; 1:500), IGF-II (H-103; 1:500), GLUT2 (H-67; 1:500), IRβ (C:19; 1:1000), IGF-IRβ (C:20; 1:500) and glucokinase (GCK; H-88; 1:500) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). GLUT1 (1:500) was purchased from Chemicon (Billerica, MA, USA) and β-Actin (1:10,000) from SigmaAldrich. PKB and p-PKB (Ser473), p44/p42 mitogenactivated protein kinases (MAPK) and p-p44/p42 MAPK (Thr202/Tyr204), p70S6 kinase and p-p70S6 kinase (Thr389), GSK3α/β (D75D3) and p-GSK3α/β (Ser21/9), and glycogen synthase 2 (GYS2; 15B1) were all from Cell Signaling (Danvers, MA, USA) and used at a 1:1000 dilution. Phosphotyrosine (4G10), IRS1 and phospho-GYS2 (Ser641/ Ser645) were all from Millipore (Billerica, MA, USA) and used at 1:500. Liver glycogen phosphorylase (PYGL; 1:1000) was purchased from Acris Antibodies (Herford, Germany), whilst p-PYGL (Ser14; 1:1000) was provided by the Division of Signal Transduction Therapy, University of Dundee (Dundee, Scotland, UK). All antibodies were raised in rabbit, other than β-actin and phosphotyrosine antibodies which were raised in mouse. Primary antibodies were immunodetected using horseradish peroxidase-conjugated polyclonal antibodies from sheep (GE Healthcare, Buckingham, England, UK). Antibodies were used in strict accordance with the manufacturer's instructions as described in datasheets. The band intensities were quantified using ImageJ (http://rsb.info.nih.gov/ij).
Glycogen content determination Cells (2.2 × 10 6 ) were seeded in 10 cm dishes in DMEM (25 mmol/l glucose) supplemented with 10% FBS (vol./vol.). When 70-80% confluence was reached, cells were serum-starved for 6 h in DMEM (5 mmol/l glucose) supplemented with 0.2% BSA (wt/vol.). The medium was then changed to high-glucose DMEM (25 mmol/l glucose) and cells were stimulated with different doses of insulin (10-100 nmol/l). Cell monolayers were frozen after 6 h of incubation and scraped in 30% KOH (wt/vol.). Glycogen was precipitated when the homogenates were transferred onto Whatman 3MM (Sigma-Aldrich) paper with 66% ethanol (vol./vol.) at −20°C, as previously described [20] . Precipitated glycogen was released in the form of glucose monomers via incubation with 1.6 mg/ml of α-amyloglucosidase (Sigma-Aldrich) for 4 h at 37°C, in 0.4 mol/l acetate buffer (pH 4.8). Glucose was measured at 500 nm using a Biosystems kit (Barcelona, Spain).
Similarly, in vivo, livers were obtained from mice that were euthanised following a 24 h fast and a 1 h refeeding period. Twenty-five mg of liver tissue was homogenised with 30% KOH (wt/vol.), heated at 100°C and glycogen content was determined as in cultured cells.
Glycogen synthesis analysis Cells (8 × 10 5 ) were plated in 6 cm dishes in DMEM (25 mmol/l glucose) supplemented with 10% FBS (vol./vol.). At 70-80% confluence, cells were starved for 6 h in serum-free DMEM (5 mmol/l glucose) with 0.2% BSA (wt/vol.). At the moment of stimulation with 10 or 100 nmol/l insulin, the medium was changed to DMEM (25 mmol/l glucose) with 10 mmol/l of [U-
14 C]glucose (11.1 GBq/μmol; PerkinElmer, Waltham, MA, USA), as previously described [20] . After glycogen precipitation using ice-cold 66% ethanol (vol./vol.), Whatman papers were dried using a heater set at 40°C. The radioactivity was quantified using a β-radiation counter (LKB Wallac-Rackbeta Counter; Abbott Laboratories, Libertyville Township, IL, USA).
Determination of glycogen synthase and glycogen phosphorylase enzymatic activities Glycogen synthase activity was estimated in all cell lines by the incorporation of UDP[U- 14 C]glucose in the presence of 10 nmol/l insulin, as previously described [1] . Glycogen phosphorylase activity was also measured in cells using a spectrophotometric assay, as described by Company et al, in the presence of 5.5 mmol/l glucose [21] .
Statistical analysis Data are presented as means ± SEM from at least three independent experiments. In the in vivo experiments, we used at least four mice. Differences between two groups were assessed using unpaired two-tailed t tests. Data involving more than two groups were assessed by ANOVA followed by Bonferroni tests, unless otherwise specified. A p value of <0.05 was considered to be statistically significant. No data were excluded from the statistical analysis. The experimenters were blind to group assignment and outcome assessment.
Results
Since the IR is the gatekeeper of the insulin signalling pathway, we assessed the impact of IR deletion or reconstitution with IRA or IRB on several molecules in the insulin signalling cascade, under basal conditions. The deletion of IR in IRKO hepatocytes was confirmed by western blot (Fig. 1a) . The Insr exon 4 deletion was also detected by RT-PCR in mRNA from IRloxP and IRKO hepatocytes (Fig. 1b) . Moreover, hepatocytes bearing IRA or IRB were found to express the corresponding INSR isoform at an mRNA level (Fig. 1c) .
From western blot analyses, it was also found that IRKO and IRB hepatocytes expressed significantly higher levels of IGF-IR, as compared with IRloxP or IRA hepatocytes. In contrast, IGF-I levels were significantly lower in IRKO cells compared with IRloxP, although no changes were observed in IRA or IRB hepatocytes. GCK levels were significantly increased in IRA and significantly decreased in IRB cells, when compared with IRloxP hepatocytes, whilst GYS2 levels were significantly higher in IRB than in IRloxP and IRA cells. Additionally, p70S6K expression levels were significantly increased in IRKO, IRA and IRB hepatocytes compared with IRloxP cells. IRS1 expression was significantly lower in IRKO than in IRloxP cells, whilst its expression in IRB was significantly higher than in all other cell types. Our results also revealed a significant decrease in IRS2 levels in IRB cells, compared with IRloxP and IRA hepatocytes. Finally, there were no significant differences in IGF-II, PKB, p44/42 MAPK, GSK3α/β, GLUT1 and GLUT2 levels ( Fig. 1a and  ESM Fig. 1) .
To address the issue of the differential role of IR isoforms in hepatic glucose metabolism, we focused our studies on the insulin response of glycogen metabolism in several hepatocyte cell lines. The two major pathways employed by IR isoforms include MAPKs and PKB/Akt. Significant phosphorylation of PKB in IRloxP cells was observed after 10 nmol/l insulin stimulation, whereas IRKO cells did not respond to insulin. Interestingly, PKB activation in IRA hepatocytes was much greater compared with IRB cells (Fig. 2) .
In addition, IRKO cells showed higher activation of p70S6K compared with IRloxP hepatocytes. In the case of IR isoforms, IRA hepatocytes presented higher p70S6K activation than IRB cells at all the insulin doses assayed. p44/42 MAPK phosphorylation was significantly higher in IRloxP cells at 10 nmol/l insulin, compared with basal conditions, but once again p44/42 MAPK was less activated in IRBexpressing hepatocytes than in IRA cells. Insulin-stimulated GSK3α/β phosphorylation was higher in IRA hepatocytes than in the other cells lines treated with 10 nmol/l insulin. Additionally, by use of a phosphospecific antibody against the GSK3α/β phosphorylation sites of GYS2 (Ser641/ Ser645), we found that GYS2 was unexpectedly less phosphorylated in IRKO cells than in IRloxP cells, suggesting that IRKO cells are more prone to glycogen synthesis. Furthermore, we found that, in response to insulin, GYS2 was less phosphorylated in IRA vs IRB cells, treated under the same conditions ( Fig. 2 and ESM Fig. 2 ). Glycogen synthesis was significantly increased in IRKO cells compared with IRloxP cells under basal conditions. This finding is in agreement with the GYS2 dephosphorylation status described above ( Fig. 2 and Fig. 3a) . However, despite this increment, differences in glycogen content did not reach significance relative to IRloxP hepatocytes (Fig. 3b) . This result can be explained by the significant increase observed in PYGL phosphorylation status and activity in IRKO cells (Fig. 3d, e) . Together, these results suggest an increase in glycogen synthesis and degradation in the absence of the IR.
Moreover, glycogen synthesis and content in IRA cells was significantly higher than in other cells assayed, probably due to a significant increase in GYS2 activity (Fig. 3a-c) . However, similar findings were not observed in IRB cells (Fig. 3a) . Glycogen synthesis and content following 6 h of insulin stimulation at 100 nmol/l were significantly elevated in IRA hepatocytes, compared with IRKO and IRB cells (Fig. 3f, g ). In agreement with the insulin dose-response data, GYS2 dephosphorylation occurred in both IRA and IRB hepatocytes following 100 nmol/l insulin stimulation for 5 min. However, lower levels of GSK3α/β and PYGL phosphorylation were observed in IRB hepatocytes in comparison with IRA cells under basal conditions or when stimulated with 100 nmol/l insulin (Fig. 4a) , suggesting that, compared with IRA cells, IRB cells have an altered glycogen turnover . In addition to phosphorylation, liver GYS2 is controlled by the allosteric activator, G6P. Previous work has demonstrated that changes in the expression of proteins in the insulin signalling pathway are dependent on glucose levels [1, 22] . To dissect the roles of glucose and insulin on GYS2 activation, we analysed the effects of different doses of glucose in IRA or IRB hepatocytes in the absence of insulin. Although total levels of GSK3α/β were the same in IRA and IRB hepatocytes, GSK3α phosphorylation was absent in IRB cells. Consistent with this finding, GYS2 was less phosphorylated in IRA hepatocytes in the absence of glucose than in IRB hepatocytes. Nevertheless, in a high-glucose medium (25 mmol/l), IRA and IRB hepatocytes showed similar levels of phosphorylated GYS2 (Fig. 4b) .
Impaired storage and utilisation of glucose are major contributors to the pathophysiology of diabetes. Therefore, we addressed the physiological relevance of the differential effect of IRA vs IRB on the regulation of glycogen metabolism in the livers of iLIRKO mice. These animals present targeted disruption of IR and markedly impaired glucose tolerance and insulin secretion (Fig. 5a-c) . To reconstitute IR expression in iLIRKO mice, we developed recombinant AAV vectors that expressed IRA or IRB under the control of a liverspecific promoter (alpha-1-antitrypsin). In 20-week-old diabetic mice, the specific hepatic expression of IRA, but not IRB, ameliorated hyperglycaemia and hyperinsulinaemia (Fig. 5a-c) , and decreased beta cell hyperplasia/hypertrophy, reversing the diabetic phenotype approximately 8 weeks after viral administration (data not shown). After 24 h starvation followed by 1 h refeeding, iLIRKO mice showed slightly decreased glycogen content compared with control mice. However, iLIRKO IRA mice exhibited significantly elevated glycogen content in comparison with controls or iLIRKO mice under the same experimental conditions. Because the distribution of IR isoforms in the livers of adult mice favours IRB rather than IRA, the glycogen content found in iLIRKO IRB mice is similar to control mice (Fig. 5d) . Analysis of the glycogen synthesis pathway confirmed that iLIRKO IRA mice had lower GYS2 levels compared with iLIRKO IRB mice, however, the p-GYS2/GYS2 ratio was similar. Finally, GSK3α/β phosphorylation was significantly lower in livers of iLIRKO IRB mice, compared with iLIRKO IRA mice (Fig. 5e) . Despite the limited effect of IRB on glycogen content, its expression in vivo was completely functional in 
Discussion
The importance of glucose in controlling hepatic glycogen synthesis and glucose homeostasis is well established. In the postprandial state, insulin drives the conversion of glucose to glycogen, replenishing glycogen stores in the liver and suppressing glucose output [1] . An increase in blood glucose concentration is a prerequisite for hepatic glycogen synthesis, which stimulates insulin secretion and subsequent activation of PKB, which in turn inhibits GSK3α/β, a negative regulator of GYS2 [1, 9, 23] . IR isoforms have been linked to differential insulin signalling in beta cells [2, 24] ; IRA is involved in insulin signalling leading to insulin gene transcription, whereas IRB signals through PKB leading to GCK expression [2] . The roles of the IR isoforms were investigated using: (1) immortalised neonatal IRloxP and IRKO hepatocytes and those exclusively expressing IRA or IRB in vitro; and (2) in vivo studies in iLIRKO mice, a model of type 2 diabetes, specifically expressing IRA or IRB in the liver.
Our in vitro results suggest a strong correlation between enhanced insulin signalling and increased glycogen synthesis and storage in response to insulin in IRA hepatocytes, when compared with IRB cells. This effect may be reinforced by the increased glucose uptake/transport observed in IRA hepatocytes vs IRB cells [14] . The liver possesses glucose-sensing components; there are several enzymes and regulatory proteins involved in the regulation of hepatic glycogen synthesis [9, 25] . Stimulation of GLUT2 expression by glucose in cultured hepatocytes results from the activation of gene transcription and requires active glucose metabolism. The metabolites responsible for this effect have not yet been identified but are downstream of G6P formation. Moreover, an increase in cellular G6P is known to induce a conformational change in glycogen synthase, making it a better substrate for dephosphorylation (activation) by glycogen synthase phosphatase (PP1) [1, 9] . Activation of GYS2 by PP1 is inhibited by phosphorylated PYGL, but this inhibition is abolished by elevated [26] . Consistent with this, G6P also regulates GYS2 activity by allosteric activation, even when it is hyperphosphorylated [1, 27] . Hence, because of the higher expression of GCK and, consequently, GYS2 activity in IRA cells, not only is glucose uptake increased, but intracellular glucose disposal is also favoured. Contrastingly, the opposite was found in IRB hepatocytes, where both glucose uptake and GCK expression were significantly decreased.
Compared with IRloxP cells, increased glycogen synthesis in IRKO hepatocytes was found to correlate with higher GSK3α/β inhibition under basal conditions. In contrast, remarkable activation of PYGL (a direct product of glycogen degradation) in IRKO cells, may explain their lack of significant glycogen storage. These findings suggest a futile glycogen synthesis/glycogen depletion cycle which may compensate for the loss of glucose input due to the absence of IRs.
In vivo, the lack of hepatic IR appears to destabilise the balance between glucose utilisation and production by the liver. The final outcome is a diabetic phenotype showing a severe compensatory hyperinsulinaemia, accompanied by postprandial and fasting hyperglycaemia [28, 29] . These data strongly suggest that the IR alone is involved in both glucose disposal and glucose output by the liver. Therefore, we hypothesise that a shift in the IRA/IRB ratio might result in a substantial change in hepatic glucose consumption and glycogen storage. Glycogen content in iLIRKO IRA mice was significantly increased compared with control mice, probably due to enhanced glucose uptake, increasing its availability for glycogen synthesis in these mice. Although these results cannot be explained by variation in GYS2 dephosphorylation (activation) in iLIRKO IRA vs iLIRKO IRB mice, our results suggest that differential G6P availability might play a major role in the regulation of GYS2 activation, as previously described [1, 13] .
In conclusion, our results highlight the central and complex role that hepatic IR isoforms play in the control of hepatic glucose metabolism. We provide in vitro and in vivo evidence that hepatic IRA is more efficient than IRB at increasing glycogen synthesis, glycogen synthase activity and glycogen storage in hepatocytes. Our results suggest that the specific expression of IRA, but not IRB, in the liver could be an important therapeutic approach for the regulation of hepatic glucose consumption and glycogen storage.
